Semiempirical interatomic potentials have been developed for Al, ␣-Ti, and ␥-TiAl within the embedded atom method ͑EAM͒ formalism by fitting to a large database of experimental as well as ab initio data. The ab initio calculations were performed by the linearized augmented plane wave ͑LAPW͒ method within the density functional theory to obtain the equations of state for a number of crystal structures of the Ti-Al system. Some of the calculated LAPW energies were used for fitting the potentials while others for examining their quality. The potentials correctly predict the equilibrium crystal structures of the phases and accurately reproduce their basic lattice properties. The potentials are applied to calculate the energies of point defects, surfaces, and planar faults in the equilibrium structures. Unlike earlier EAM potentials for the Ti-Al system, the proposed potentials provide a reasonable description of the lattice thermal expansion, demonstrating their usefulness for moleculardynamics and Monte Carlo simulations at high temperatures. The energy along the tetragonal deformation path ͑Bain transformation͒ in ␥-TiAl calculated with the EAM potential is in fairly good agreement with LAPW calculations. Equilibrium point defect concentrations in ␥-TiAl are studied using the EAM potential. It is found that antisite defects strongly dominate over vacancies at all compositions around stoichiometry, indicating that ␥-TiAl is an antisite disorder compound, in agreement with experimental data.
I. INTRODUCTION
In recent years, intermetallic alloys based on the gamma titanium aluminide TiAl have been the subject of intense research due to their potential for applications in the aerospace and automobile industries. [1] [2] [3] [4] Such alloys have excellent oxidation and corrosion resistance which, combined with good strength retention ability and low density, make them very advanced high-temperature materials. A study of fundamental properties such as the nature of interatomic bonding, stability of crystal structures, elastic properties, dislocations, grain boundaries, interfaces, as well as point defects and diffusion is therefore warranted in order to gain more insight into the behavior of these intermetallic alloys under high temperatures and mechanical loads. Over the past few years, numerous investigations, both experimental and theoretical, have been devoted to the study of such properties. [5] [6] [7] [8] [9] [10] [11] [12] [13] Accurate ab initio studies of the structural stability, elastic properties, and the nature of interatomic bonding have been reported for ␥-TiAl as well as other stoichiometric alloys of the Ti-Al system. 14 -16 However, the application of ab initio methods to atomistic studies of diffusion, deformation, and fracture are limited due to the prohibitively large computational resources required for modeling point defects, dislocations, grain boundaries, and fracture cracks. Such simulations require large simulation cells and computationally demanding techniques such as molecular dynamics and Monte Carlo. Semiempirical methods employing model potentials constructed by the embedded atom method [17] [18] [19] ͑EAM͒ or the equivalent Finnis-Sinclair method 20 are particularly suitable for this purpose. These methods provide a way of modeling atomic interactions in metallic systems in an approximate manner, allowing fast simulations of large systems. Several studies applying these methods to a variety of properties of ␥-TiAl such as planar faults, dislocations, and point defects have been reported in the literature. 12, 21, 22 The effectiveness of semiempirical methods obviously depends upon the quality of the model potentials employed. Recent studies [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] have shown that the incorporation of ab initio data during the fitting of interatomic potentials can significantly enhance their ability to mimic interatomic interactions. For example, Baskes et al. 32 examined the range of interatomic forces in aluminum using model potentials and ab initio methods. They found that potentials that included ab initio data during the fitting procedure could reproduce ab initio forces much more accurately than potential fits to experimental data only.
In the present work we explore the possibility of constructing a reliable interatomic potential for the Ti-Al system. To this end, we develop EAM-type interatomic potentials for ␥-TiAl and the component elements Ti and Al by fitting to a large database of experimental properties and ab initio structural energies of these phases. The ab initio database has been generated by density functional calculations using the linearized augmented plane wave ͑LAPW͒ method within the generalized gradient approximation ͑GGA͒ for the exchange-correlation effects. The ab initio data are used in the form of energy-volume relations ͑equations of state͒ of various structures of Al, Ti, and ␥-TiAl. The energy along the Bain transformation path between the L1 0 and B2 structures of TiAl has also been calculated in this work.
While many EAM-type potentials have been reported for Al, 23, 28, [32] [33] [34] relatively few attempts have been made to create such potentials for Ti ͑Refs. 35-37͒ and TiAl. different structures of TiAl by an ab initio method and with a Finnis-Sinclair potential and found only a qualitative agreement between the two calculation methods. In this work we try to gain a better understanding of the applicability range of the EAM model for ␥-TiAl. In particular, we explore the possibility of obtaining a high-quality EAM potential for ␥-TiAl by incorporating ab initio data into the fitting database. Our results suggest the quality of an EAM potential can indeed be improved this way, and that the potential proposed here can be useful for atomistic simulations of ␥-TiAl. We are currently working on an angular-dependent potential set for the Ti-Al system. Given that angular-dependent models are significantly slower than regular EAM potentials, the EAM potential proposed here can be useful for large-scale simulations in which the computational speed is critical.
II. CONSTRUCTION OF EAM POTENTIALS

A. Database of fitted physical properties
We have first constructed EAM potentials for pure Al and Ti followed by fitting a cross-interaction potential Ti-Al. The database of physical properties employed in the fitting procedure consisted of two categories. The first category is comprised of experimental data for the lattice constant, c/a ratio, cohesive energy, and elastic constants. For pure Al and Ti it also included the vacancy formation energy and the linear thermal-expansion factors at several temperatures. The second set of properties consisted of ab initio energy differences between various crystal structures. Such differences are necessary to ensure the correct stability of the experimentally observed ground-state structures against other possible structures and to sample a large area of configuration space away from equilibrium.
The ab initio database consists of energy versus volume (EV) relations for various crystal structures. For Al, EV curves were computed here for the face-centered-cubic ͑fcc͒, hexagonal-closed-packed ͑hcp͒, body-centered-cubic ͑bcc͒, simple cubic ͑sc͒, diamond, and L1 2 structures. The L1 2 structure of Al is a defected fcc lattice with a vacancy in the corner of each cubic unit cell. In the case of titanium, EV curves were generated in Ref. 44 for the hcp, fcc, bcc, sc, and the omega (C32) structures. For the intermetallic compound TiAl, EV relations were obtained in this work for three structures: L1 0 ͑CuAu prototype͒, B2 ͑CsCl prototype͒, and B1 ͑NaCl prototype͒. Each EV curve typically consists of total energies for about 20-30 different volumes around the equilibrium volume. The c/a ratio of the L1 0 structure has been optimized at each volume. Since the ab initio and EAM energies have different reference values, all ab initio energies for a given element or compound of a given stoichiometry were shifted to match the experimental cohesive energy of the equilibrium ground-state structure. This procedure is followed merely to facilitate the comparison of structural energies calculated by different methods and does not introduce any new approximation. The equilibrium energy of the D0 19 -Ti 3 Al compound has also been calculated here to check the methodology and provide useful reference information. The energy of this phase was minimized with respect to its volume while keeping the c/a ratio fixed at the value found in Ref. 45 .
The EV curves were calculated using the full potential LAPW method [46] [47] [48] within the Hohenberg-Kohn-Sham formulation of the density-functional theory. [49] [50] [51] The calculations were carried out in a spin-restricted mode and the exchange-correlation effects were treated at the level of the GGA. The EV calculations for Ti were carried out using an LAPW code available at the Naval Research Laboratory and are reported in Ref. 44 . The calculations for Al, TiAl, and Ti 3 Al performed in this work employed the WIEN2K package. 52 The Perdew-Wang 1991 ͑PW91͒ exchangecorrelation functional [53] [54] [55] was used for Ti calculations, 44 while its simplified and more efficient version referred to in the literature as Perdew-Burke-Ernzherhof 56 functional was used for Al and TiAl. The muffin-tin radii of Al and Ti were chosen to be 2 a.u. For each crystal structure, systematic k-point and basis set convergence tests were carried out at a fixed volume near equilibrium volume. The same set of parameters was subsequently employed for different volumes as well as for the Bain path calculations. The accuracy of the LAPW total energies calculated in the present work was estimated to be better than 0.5 mRy/atom.
We now describe some relevant details of the potential fitting procedure. In the embedded atom formalism, 17 ,18 the total energy of a system is expressed as
Here ⌽ i j is the pair-interaction energy between atoms i and j at positions r ជ i and r ជ j , and F i is the embedding energy of atom i. The i in Eq. ͑1͒ is the host electron density at site i induced by all other atoms in the system. The latter is given by
For a binary system A-B, the total energy given by Eq. ͑1͒ is invariant with respect to the following set of transformations:
57,31 An EAM potential for a binary system can be constructed by two different procedures. One is to optimize all potential functions simultaneously during a single fit, as was done, for example, for the Ni-Al system. 31 This scheme offers the advantage of having many parameters available for fitting to properties of a selected alloy or compound. However, its drawback is that the quality of potentials for pure elements ͑Al and Ti in our case͒ is often poor. An alternative and more common approach is to separately develop accurate EAM potentials for pure elements and use them to fit the cross potential for alloys ͑compounds͒. We resort to the latter procedure for the Ti-Al system. The parametrization of potential functions employed in the fitting procedure is discussed below.
B. EAM potential for Al
For the EAM potential for Al, we chose the electrondensity function in the form
͑12͒
Here, A 0 ,B 0 ,C 0 ,r 0 ,r c ,h,y, and ␥ are the fitting parameters and (x) is a cutoff function defined as
where r c is the cutoff distance. The electron density in equilibrium fcc Al is normalized to unity, i.e., ϭ ͚ j N j j ϭ1 , where j runs over coordination shells and N j is the number of atoms on the jth coordination shell. This constraint fixes one parameter in the above set of parameters. The pairinteraction function is parametrized in the form ␣ϩ6␣␤ϩ2. This modification includes the next term in the energy expansion in terms of strain without altering the exact fitting of the potential to E 0 ,r e , and B. It provides a way to achieve an accurate fit to the experimental pressure-volume relation by adjusting the value of ␤.
C. EAM potential for Ti
Titanium has an hcp structure at Tϭ0 (␣-Ti phase͒. For hcp metals, an EAM potential can only be fitted to elastic constants C i j if the relation (3C 12 ϪC 11 )/2Ͼ(C 13 ϪC 44 ) is satisfied. 35 Fortunately, this relation holds for ␣-Ti. In the present EAM potential for Ti, the electron-density function is described by ͑r ͒ϭ͓Ae
where the cutoff function (x) is given by Eq. ͑13͒ with the fitting parameters A,␣ 1 ,␣ 2 ,r 0 ,r 0 Ј ,r c , and h. One of the parameters is fixed by the normalization condition ϭ1 at equilibrium. The pair-interaction function is represented by
where V 0 ,V 0 Ј ,␤ 1 ,␤ 2 ,r 1 ,r 1 Ј , and ␦ are fitting parameters.
The embedding energy function is expressed as a polynomial:
͑19͒
Here F 0 and F 2 are the embedding energy and its second derivative at equilibrium, respectively. These can be expressed in terms of the experimental values of E 0 , B, and ⍀ 0 :
where j runs over coordination shells, N j is the number of atoms on the jth coordination shell of radius R j , while ⌽ j and ⌽ j Љ are the pair-interaction energy and its second derivative evaluated at R j . The coefficients q 0 and B i (iр3) in Eq. ͑19͒ are fitting parameters. The parameter q 0 was adjusted to ensure that the embedding energy vanishes when the electron density goes to zero, that is, F(0)ϭ0. This requirement leads to the following expression for q 0 :
During the optimization of fitting parameters, the energy of the hcp structure was required to approximately follow Rose's EOS ͓Eq. ͑15͔͒ in the neighborhood of equilibrium. This was achieved by adding to the objective function the mean-squared deviation of the energy from Eq. ͑15͒ at several points near equilibrium.
D. The cross potential Ti-Al and the fitting procedure
Once the EAM potentials for Al and Ti are obtained, the cross potential representing the interactions between Ti and Al atoms was constructed by employing the parametrization given by Eq. ͑14͒. The transformation coefficients s Al ,g Ti , and g Al ͓see Eqs. ͑3͒-͑11͔͒ were used as additional adjustable parameters. Although the total energy is independent of those coefficients, they modify the shapes of the individual potential functions, which makes the coefficients a useful tool in the fitting procedure.
It should be mentioned that the specific analytical forms of the potential functions adopted in this work were found by trying a number of different forms and selecting those which provided a better accuracy of fitting with less parameters. The optimized values of the fitting parameters are listed in Table I . The potential functions are plotted in Fig. 1 in the effective pair format 31, 57 with respect to ␥-TiAl. These functions are available in tabulated form on the Internet 59 or from the authors upon request. The cutoff radii of atomic interactions in Al, Ti, and TiAl are 6.72, 5.19, and 5.77 Å, respectively. The fitting procedure involves a total of 39 independent fitting parameters.
III. TESTS AND APPLICATIONS OF THE POTENTIALS
A. Aluminum
The accuracy of the fitted EAM potential for Al can be adjudged from Table II , wherein the basic lattice properties, elastic constants, vacancy formation and migration energies, surface energies, and the stacking fault energy predicted by the potential are compared to their experimental values. All defect energies are from relaxed calculations. We have also included the results obtained with our previous EAM potential for Al, 28 which we hereafter refer to as Mishin-FarkasMehl-Papaconstantopoulos ͑MFMP͒. The results obtained with the new EAM potential are in good agreement with their experimental counterparts. The calculated vacancy formation energy E v f and migration energy E v m , which are important for studying point defect diffusion, are well reproduced by the potential. The calculated vacancy formation volume ⍀ v f compares well to the one obtained with the MFMP potential as well as with experimental data. 60 The predicted intrinsic stacking fault (␥ SF ) energy is on the lower end of the range of experimental values while the ab The surface energies are underestimated in comparison with experiment, which is a general characteristic of EAM potentials.
The structural energy differences for Al, given in Table  III , reproduce ab initio energies reasonably accurately. The EAM potential predicts the c/a ratio of the hcp structure to be 1.63, in good agreement with the optimized value of 1.645 obtained by the LAPW calculations. In agreement with earlier findings, 28 bcc Al is mechanically unstable (C 11 ϽC 12 ) and transforms to the fcc structure upon c/a relaxation. The sc structure is also mechanically unstable with C 44 Ͻ0. A comparison of the EOS's of various crystalline structures of Al calculated with the EAM potential and by the LAPW method is presented in Fig. 2 . The EAM curves are seen to agree with the LAPW results fairly well. The agreement is particularly good for the bcc and fcc structures over a large range of volumes, but tends to worsen for more open structures. The latter is understandable since angular terms that are missing in the EAM model are more important for getting accurate results for open structures.
As was mentioned in Sec. II B, the Al potential was fit to the experimental P(V) relation by adjusting the parameter ␤ in the generalized EOS, Eq. ͑16͒. The optimized value of ␤ ϭ0.004 89 provides excellent agreement with experimental data up to pressures of about 700 GPa, as illustrated in Fig.  3 . In contrast, the standard Rose's EOS (␤ϭ0) underestimates the pressures under strong compressions. Note that both equations share the same values of E 0 , B, and a 0 . The excellent fit to high-pressure data makes the potential useful for simulating shock waves, sputter deposition, and other processes involving a close approach of atoms.
Thermal expansion of Al was studied within the temperature range 5-1000 K. The calculated thermal-expansion factors at selected temperatures are given in Table IV . They were obtained using a 864-atom supercell by two different methods. In the first method, the free energy of the crystal was minimized as a function of volume in the quasiharmonic approximation. 61 This method includes quantum-mechanical effects such as zero-point vibrations and should yield more accurate values of the thermal-expansion factor at low temperatures. However, it may not be very accurate at high temperature where the anharmonic effects become significant. The second type of calculation was carried out by the Metropolis Monte Carlo method. 61, 62 This method is based on classical mechanics and fully incorporates anharmonic effects. It is therefore more adequate for thermal-expansion calculations at high temperatures. As can be seen from Table  IV , the MC results are quite close to experimental data at high temperatures.
Overall, the EAM potential developed here provides a good description of a wide range of Al properties. Despite the existence of other high-quality EAM potentials for Al in the literature, 23 ,28,34 we chose not to reuse one of them but rather generate another potential so that all potential functions for the Ti-Al system are created by the same methodology. We also used this work as an opportunity to address some weak points of previous potentials. For example, even though the MFMP potential 28 demonstrates better agreement with experiment for some of the properties listed in Table II , the present potential describes the thermal expansion and high-pressure behavior of Al more accurately. The present potential is also based on a larger set of ab initio data and should be better transferable to configurations away from equilibrium. It should also be mentioned that the use of smooth analytical functions in this work makes the potential more robust in comparison with the cubic-spline parametrization applied in Ref. 28 .
B. Titanium
Equilibrium lattice properties, vacancy characteristics, as well as stacking fault and surface energies in Ti computed using the present EAM potential are compared to experimental data in Table V . We have also included the results obtained with the EAM potential developed by Fernandez, Monti, and Pasianot 37 which are referred to as FMP. The latter is an improved version of the potential proposed in Ref. 35 . Although our potential was not fitted to the c/a ratio exactly, the predicted value of 1.585 is in a good agreement with the experimental value of 1.588. The elastic constants are also reproduced reasonably well.
The vacancy formation energy E v f was fitted to the target value of 1.85 eV. The experimental value of E v f reported by Shestopal 63 is 1.55 eV, more recent positron annihilation measurements 64 give E v f ϭ1.27 eV, while the ab initio linearized muffin-tin orbital ͑LMTO͒ method 65 yields a much higher value of 2.14 eV. We therefore opted to fit to an intermediate value of 1.85 eV, which after the relaxation decreased to 1.83 eV. The vacancy migration energy E v m was calculated using the nudged elastic band method. 66 In 67 For self-diffusion perpendicular to the c axis, the experimental value is Qϭ3.14 eV. The present EAM potential predicts Qϭ2.62 eV, while the FMP potential gives a lower value of 2.02 eV. Although the agreement with experiment is better than with the FMP potential, it is not as good as that for Al. The reason is probably the same as that for the planar faults and some other properties ͑see below͒: the lack of angular forces in the EAM model.
There are three stacking faults on the basal plane in ␣-Ti, which are deviations from the normal stacking sequence ABABAB of close-packed planes in the hcp structure. 68, 69 The intrinsic fault I 1 is formed by removing one hexagonal layer followed by a The extrinsic stacking faults E result from the insertion of an extra hexagonal plane into the normal stacking sequence,
The calculated relaxed stacking fault energies ͑Table V͒ compare well with those obtained with the FMP potential. The experimental value of the I 2 fault energy is about 300 mJ/m 2 is considered to be a rough estimate. Both EAM potentials underestimate this experimental value. All our efforts to obtain a higher ␥ I 2 value during the fitting of the present potential did not have much success. In fact, any attempt to raise ␥ I 2 above 66 mJ/m 2 resulted in a deterioration of other properties, which gave us an indication that higher stacking fault energies may be beyond the capabilities of the EAM. Note, however, that the EAM-predicted stacking fault energies follow the expected relation 68 ␥ E Ϸ 3 2 ␥ I 2 Ϸ3␥ I 1 . The limited success fitting to higher stacking fault energies is likely to be due to the directional component of bonding in Ti owing to d electrons. The covalent nature of bonding cannot be described by the central-force-based EAM model. More rigorous parameter-based methods such as the modified EAM, 36, 70 bond order potentials [71] [72] [73] or the tight-binding method, 74 which include angular-dependent interactions, may give higher stacking fault energies.
The predicted value of the (0001) surface energy, 1725 mJ/m 2 , slightly underestimates the experimental value. This is again consistent with the general trend of the EAM to underestimate surface energies. The FMP potential yields an even smaller value of 1439 mJ/m 2 , whereas the ab initio surface energies, 2100 mJ/m 2 ͑Ref. 75͒ and 1920 mJ/m 2 ͑Ref. 76͒, overestimate the experimental value. The LAPW and the EAM energies of various crystal structures of Ti relative to the hcp structure are reported in Table VI . We note that the LAPW calculations predict the omega structure to be the ground state, with the hcp energy being 0.06-eV/atom higher. We have, therefore, excluded the omega structure from the fitting procedure. Overall, both EAM potentials yield similar energy differences between the structures, with the present potential performing somewhat better. Both potentials predict the hcp structure to be more stable than the omega structure in agreement with experiment. In Fig. 4 , the equations of state of the hcp, fcc, bcc, and sc structures of Ti calculated with the present EAM potential are compared to the LAPW results. The agreement between the two calculation methods is good for the closepacked structures but becomes poorer for the low coordinated sc structure. In the latter case, however, the present EAM potential is closer to the LAPW data than is the FMP potential.
The linear thermal expansion of Ti was calculated within the quasiharmonic approximation and by the MC method using a supercell with 800 atoms. The c/a ratio was kept fixed at its equilibrium Tϭ0 value during the calculations. The obtained values of the thermal-expansion factor for selected temperatures are reported in Table VII . The agreement with experimental data 77 for polycrystalline Ti is reasonable. The FMP potential gives a poorer agreement with experiment. For example, at 293 K the FMP potential gives the quasiharmonic linear thermal expansion of 1.35% while the experimental value is 0.15%.
C. Intermetallic compound ␥-TiAl
The physical properties of ␥-TiAl obtained with the present EAM potential are summarized in Table VIII . The lattice constant and the cohesive energy are reproduced accurately. The c/a ratio is correctly predicted to be larger than unity and is in good agreement with the experimental value. The elastic constants are in reasonable agreement with experiment, the root-mean-squared deviation for elastic constants being about 22%. We note that the negative signs of the two Cauchy pressures, (C 12 ϪC 66 ) and (C 13 ϪC 44 ), are not reproduced by the present potential, nor are they reproduced by previous EAM-type potentials. The negative Cauchy pressures in TiAl are caused by the directional component of bonding and cannot be described by the EAM. 21 The respective root-mean-squared deviations of the elastic constants from experimental data are 45% and 28%.
The planar defect energies in ␥-TiAl are summarized in Table IX . They were calculated using supercells with an effective cubic lattice with the lattice parameter aϭ(a 0 2 c 0 ) 110 by the LAPW method including local atomic relaxations are consistent with the latter ordering of the stacking fault energies. The discrepancy between the experimental data and EAM calculations, on one hand, and ab initio calculations, on the other hand, originates primarily from the high APB energy delivered consistently by ab initio methods. The low APB energy observed experimentally may reflect the local disorder near the APB taking place due to the off-stoichiometry and/or temperature effects.
Simmons et al. 21 succeeded in generating a set of EAM potentials for ␥-TiAl fit to high APB energies comparable to ab initio values, but their potentials give c/aϽ1 in contradiction to experimental data. When generating our potential we could also achieve higher ␥ APB values at the expense of c/aϽ1, but could never increase ␥ APB above 266 mJ/m 2 while keeping c/aϾ1 and maintaining a good quality of fit to other properties. We believe that the underestimation of the APB energy is another intrinsic limitation of the centralforce EAM as applied to ␥-TiAl. Farkas 38 constructed a potential that gives ␥ APB Ͼ␥ CSF while c/aϾ1. However, some of the elastic constants predicted by that potential are in poor agreement with experimental data, especially C 13 and C 33 ͑cf. Table VIII͒. The potential also gives a discontinuous temperature dependence of the quasiharmonic thermal expansion, with unrealistically large values at high temperatures.
The EV curves computed with the present EAM potential and by the LAPW method are presented in Fig. 5 . The agreement between the two calculation methods is good for the L1 0 structure. The difference between the two curves for the B2 and B1 structures is presumably due to the limited ability of the EAM method to describe open structures. The formation energies for different structures of TiAl ͑relative to fcc Al and hcp Ti͒ calculated by the LAPW method and with the present EAM potential are presented in Table X . For comparison, experimental and ab initio results available in the literature have also been included in the table. The formation energies obtained with the present EAM potential are in good agreement with the corresponding experimental and ab initio energies. The L1 0 structure is correctly produced to be the ground state. We note that the B2 and B32 structures are unstable with respect to the c/a optimization. In particular, the B2 structure transforms to the equilibrium L1 0 phase upon c/a relaxation. For Ti 3 Al, the EAM potential correctly predicts the D0 19 structure to be the equilibrium ground state of Ti 3 Al ͑Table X͒. The lattice constants, cohesive energy, and elastic constants of D0 19 Ti 3 Al are given in Table XI . We emphasize that none of these properties was included in the potential fit. The observed agreement with experimental data demonstrates good transferability of our potential.
The EAM potential was also applied to investigate the Al 3 Ti compound. Experimentally, the equilibrium structure of Al 3 Ti is D0 22 . The present EAM potential predicts the L1 2 structure to be 0.01 eV lower in energy than the D0 22 structure, suggesting that the potential may not suitable for simulating the Al 3 Ti compound.
Thermal-expansion factors of ␥-TiAl calculated within the quasiharmonic approximation and by the Monte Carlo method are presented in Table XII The energy along the Bain path between the tetragonal ␥-TiAl structure and the B2 structure was calculated by the EAM and LAPW methods. Starting from the equilibrium tetragonal ␥-TiAl structure, the c/a ratio was varied by keeping the volume constant. The energy change during the transformation is plotted in Fig. 6 as a function of the deformation parameter X defined by c/aϭX(c 0 /a 0 ). The EAM energies are observed to closely follow the LAPW energies along the path. This agreement confirms a good transferability of the present EAM potential.
Point defect properties play an important role in the atomic disorder and diffusion in ␥-TiAl. The TiAl lattice supports two types of vacancy (V Ti and V Al ) and two types of antisite defects ͑Ti atom on the Al sublattice, Ti Al , and Al atom on the Ti sublattice, Al Ti ). 12 The so-called ''raw'' formation energies and entropies 12 of the defect formation have been calculated with the present EAM potential using the molecular statics method for the energies and the quasiharmonic approximation for the entropies.
When analyzing point defects in ordered compounds it is more convenient to deal with hypothetical compositionconserving defect complexes rather than individual defects. 12, [83] [84] [85] It should be emphasized that the defects are grouped into complexes conceptually and not physically. The complexes are assumed to be totally dissociated and interactions between their constituents are neglected. The advantage of dealing with composition-conserving complexes is that all 12 The expressions for some of the complex energies are given in Table XIII . Similar expressions hold for the complex entropies, except that the cohesive energy E 0 should be replaced by the perfect lattice entropy per atom. Table XIII summarizes the results of the EAM calculations for several defect complexes and compares them with the ab initio energies reported by Woodward et al. 86 The agreement between the two calculation methods is reasonable. We emphasize again that point defect properties of ␥-TiAl were not included in the potential fit.
Using the complex energies and entropies, the equilibrium defect concentrations have been calculated as functions of the bulk composition around the stoichiometry within the lattice-gas model of noninteracting defects. 12, [83] [84] [85] Figure 7 shows the calculation results for Tϭ1000 K. We see that all compositions are strongly dominated by antisite defects. This observation is quite consistent with the experimentally established fact that ␥-TiAl is an antisite disorder compound. [87] [88] [89] The vacancy concentrations are several orders-of-magnitude smaller than antisite concentrations. In the stoichiometric composition, most of the vacancies reside on the Ti sublattice. All these features have been observed at all temperatures in the range 800-1200 K.
IV. SUMMARY
EAM potentials have been developed for Al, ␣-Ti, and ␥-TiAl by fitting to a database of experimental data and ab initio calculations. The potentials have been tested against other experimental and ab initio data not included in the fitting database. The ab initio structural energies for Ti were calculated previously, 44 while those for Al and Ti-Al compounds have been generated in this work. All these calculations employed the full potential LAPW method within the GGA approximation. Besides serving for the development of the EAM potentials, the obtained ab initio energies are also useful as reference data for the Ti-Al system. The Al potential is fit to the target properties very accurately and has demonstrated a good performance in the tests. It has certain advantages over the previously developed potential, 28 particularly with respect to the lattice thermal expansion and the pressure-volume relation under large compressions. The fit of the Ti potential is less successful, presumably because of the directional component of interatomic bonding that is not captured by the central-force EAM model. In particular, the potential underestimates the stacking fault energies on the basal plane. Further improvements of the potential do not appear to be possible within the EAM. This potential can be viewed as a supporting potential for the Ti-Al system, but we also believe that it can be useful in atomistic simulations in pure Ti where subtle details of atomic interactions may not be critical. Since the potential is fit reasonably well to the elastic constants, thermalexpansion factors, and the vacancy formation energy, it can be employed for modeling diffusion and creep in large systems that are not accessible by more accurate, yet slower, ab initio methods.
For the ␥-TiAl compound, the potential developed here FIG. 6 . Energy per atom as a function of the deformation parameter X ͑see text for details͒ along the volume-conserving tetragonal deformation path ͑Bain path͒ in TiAl. The energy is given relative to the equilibrium L1 0 structure. The dotted line is predicted by the present EAM potential and the symbols represent the LAPW results. reproduces reasonably well the basic lattice properties, planar fault energies, as well as point defect characteristics. The fit to the elastic constants is better than with previous potentials. However, the negative Cauchy pressures in ␥-TiAl have not been reproduced by the present nor previous EAM potentials. The planar fault energies calculated with the potential are in good agreement with experiment, but the APB energy is lower than all ab initio values. The fit to ab initio energies of alternative structures of TiAl enhances the transferability of the potential to configurations away from equilibrium. This fact is verified by the good agreement between the EAM and LAPW energies along the Bain transformation path. The potential also correctly predicts the equilibrium D0 19 structure of Ti 3 Al and gives fairly good agreement with experiment for the cohesive energy, lattice parameters, and elastic constants of this compound. The point defect energies and entropies in ␥-TiAl calculated with the potential are in agreement with the antisite disorder mechanism established for this compound experimentally. We emphasize that neither the Bain path nor any information on Ti 3 Al or point defect properties in ␥-TiAl were included in the fitting database. The success of the proposed potential points to its ability to describe atomic interactions in the Ti-Al system on a reasonable quantitative level. The potential should be suitable for large-scale atomistic simulations of plastic deformation, fracture, diffusion, and other processes in ␥-TiAl. At the same time we acknowledge that more rigorous models, particularly those including angular-dependent interactions, are needed for addressing the negative Cauchy pressures, high APB energy, and other properties of ␥-TiAl that lie beyond the capabilities of the EAM. 
